Caenorhabditis elegans neurons that normally live. Using this method, we demonstrated that the cell-death genes ced-3, ced-4, and ced-9 all can act cell autonomously to control programmed cell death. Our observations indicate further that not only the protective activity of ced-9 but also the killer activities of ced-3 and ced-4 are likely to be present in cells that normally live. We propose that both in C. elegans and in other organisms a competition between antagonistic protective and killer activities determines whether specific cells will live or die. Our results suggest a genetic pathway for programmed cell death in C. elegans in which ced-4 acts upstream of or in parallel to ced-3 and ced-9 negatively regulates the activity of ced-4.
malian interleukin-l~ (IL-I~) converting enzyme (ICE) ), a cysteine protease isolated on the basis of its ability to cleave a 31-kD pro-IL-1 [3 protein to generate the 17.5-kD mature cytokine (Cerretti et al. 1992; Thornberry et al. 1992) . Overexpression of either CED-3 protein or ICE can cause rat fibroblasts to undergo programmed cell death (Miura et al. 1993) . Furthermore, the programmed cell death induced when chick dorsal-root ganglion neurons are deprived of nerve growth factor can be inhibited by expression of the cowpox virus protein crmA (Gagliardini et al. 1994) , an inhibitor of ICE (Ray et al. 1992) , and mice harboring a disruption of the ICE gene are defective in Fas-mediated apoptosis (Kuida et al. 1995) . These observations indicate that cysteine proteases of the CED-3/ICE family can cause mammalian cells to undergo programmed cell death and suggest that such proteases act endogenously in the programmed deaths that follow growth factor deprivation and Fas induction.
Both CED-3 and ICE are similar in sequence to the proteins encoded by the mouse nedd-2 gene and its human homolog Ich-1, which can cause cell death when overexpressed in either mouse fibroblasts or neuroblastoma cells (Kumar et al. 1994; Wang et al. 1994) , and to the product of the human gene CPP32, which can cause cell death when overexpressed in insect Sf9 cells (Fernandes-Alnemri et al. 1994 ). In addition, bcl-2 can inhibit the cell deaths caused by the expression of the CED-3, ICE (Miura et al. 1993) , or NEDD-2/ICH-1 proteins (Kumar et al. 1994; Wang et al. 1994) or by the deprivation of nerve growth factor (Gagliardini et al. 1994) , suggesting that just as ced-3 function is inhibited by ced-9, the action of ICE-like cysteine proteases can be inhibited by bcl-2.
Because mutations in either ced-3 or ced-4 block all naturally occurring programmed cell deaths in C. elegans (Ellis and Horvitz 1986) , both of these genes normally must be functional for the proper execution of programmed cell death. However, this observation does not reveal whether the expression of these genes is restricted to cells that die or whether overexpression of one or both of these genes would suffice to cause a cell that would otherwise survive instead to undergo programmed cell death. To address these issues, we performed the experiments described below.
Results

Overexpression of either ced-3 or ced-4 can kill cells that normally live
To test whether expression of ced-3 or ced-4 is sufficient to kill cells that normally live, we placed cDNAs for each of these genes under the control of the promoter for the C. elegans gene mec-7, which is expressed in the six touch neurons (ALML, ALMR, AVM, PVM, PLML, and PLMR) and in a few other cells (Savage et al. 1989; M. Chalfie, pers. comm.) . The P .... 7ced-3 and P .... 7ced-4 fusion constructs were injected separately into wild-type animals, and independent lines of worms homozygous for integrated copies of the constructs were established. We obtained three lines homozygous for integrated copies of P ...... 7ced-3 and four lines (P ...... 7ced-4A, P ..... 7ced-4B, P ..... 7ced-4C, and P .... 7ced-4D) homozygous for integrated copies of P ...... z ced'4.
To determine whether cells that normally express mec-7 were absent in animals carrying the P .... Teed-3 or P .... 7ced-4 transgenes, we scored animals for the presence or absence of the two ALM neurons. We scored the left side of the animal for the presence of the ALML neuron and the right side for the presence of the ALMR neuron. As shown in Table 1 , we observed that ALM cells were missing in some of the lines we obtained. For example, ALMs were present on only 9 of the 46 (20%) sides scored in line P ..... 7ced-3A and on only 4 of the 39 (10%) sides scored in line P ...... 7ced-4A. We also injected P .... 7ced-3 and P .... Teed-4 constructs together and established two lines containing integrated arrays harboring both constructs . Wild-type animals carrying these arrays showed a slight loss of ALM neurons: ALMs were present on 35 of the 37 (95%) and 45 of the 46 (98%) sides scored, respectively. Wild-type animals not carrying these arrays always contained both ALMs (n = 31 ), and animals expressing a P ...... 71acZ construct (jelsl; J. Way, pers. comm.) had ALMs on 40 of the 40 (100%) sides scored, suggesting that the presence of an array or the expression of any protein will not kill these cells (also, see below). These results suggest that overexpression of either ced-3 or ced-4 is sufficient to kill the ALMs in wild-type animals and that both ced-3 and ced-4 can kill cells in a cellautonomous fashion. To confirm that the P ..... Teed-4 Each row represents an independently derived line of C. elegans homozygous for a given integrated transgene or pair of transgenes. Fractions indicate the number of ALMs per number of animal sides scored. For each line named P .... 7ced-nX, n is either 3 or 4 (for ced-3 or ced-4) and X identifies the specific independent line; in rows 10 and 11, n is 3/4, indicating the presence of both ced-3 and ced-4 transgenes in each of the two independently derived worm lines.
constructs expressed CED-4 protein, we examined surviving ALMs in P .... zced-4-containing lines in a wildtype background for reactivity to anti-CED-4 polyclonal antibodies. ALMs in line P .... 7ced-4A stained more strongly than did ALMs in the other three insertion lines (data not shown), consistent with the observation that ALMs died more frequently in this line. Because no anti-CED-3 antibody was available, we could not directly assess the levels of CED-3 expression in Pmec_7ced-3-containing lines.
Endogenous ced-9 activity protects against killing by overexpressed ced-3 or ced-4
Although, as described above, overexpression of either ced-3 or ced-4 caused the deaths of ALM neurons, many ALMs survived in animals transgenic for these cell-death genes. Because the gene ced-9 can protect cells against cell death mediated by ced-3 and ced-4, it seemed plausible that eliminating endogenous ced-9 function would result in enhanced killing by a ced-3 or ced-4 transgene. To test this hypothesis, we introduced our ced-3 and ced-4 transgene constructs into ced-9(lf); ced-3 or ced-4 ced-9 (If) animals. [ced-9(lf) single-mutant animals die, making it impossible to overexpress ced-3 or ced-4 in such a strain, but ced-9(lf); ced-3 and ced-4 ced-9(lf) double-mutant animals are viable (Hengartner et al. 1992) ].
As shown in Table 2A , lines containing a P .... 7ced-3 transgene and the chromosomal mutation ced-9(n2812) (Table  2A) . We suspect that the double transgenes were not expressed at levels as high as the single transgenes (see below), which might explain why killing in these lines was reduced in comparison to killing in some of the lines with single transgenes. These results suggest that killing by overexpression of either ced-3 or ced-4 is more efficient in the absence of ced-9 function and are consistent with the hypothesis that ced-9 acts to regulate negatively the activities of both ced-3 and ced-4 (Hengartner et al. 1992; see Discussion) . Furthermore, because ced-9 acts cell autonomously to inhibit cell death Isee below), these results suggest that ced-9 is normally expressed in the ALM neurons (also, see Discussion). We also tested the effect of the ced-9 partial loss-offunction allele n1950 n2161 on ALM cell death in strains containing the P .... 7ced-3A transgene and again observed enhanced killing: ALMs were present on 1 of the 15 (7%) sides scored in an unc-69(e587) ced-9(n1950 n2161) background. These results suggest that it is a reduction of ced-9 activity that allows more efficient killing rather than a specific action of the ced-9(n2812) allele.
The ced-9 gain-of-function allele n1950 is a missense mutation that acts oppositely to ced-9(lf) alleles and prevents the normal cell deaths that occur during C. elegans development (Hengartner et al. 1992; Hengartner and Horvitz 1994b) . We tested the ability of ced-9(n1950) to prevent the deaths of ALM neurons in animals carrying P .... 7ced-3 or P .... 7ced-4 transgenes. As shown in Table 3, the n1950 mutation did not consistently alter the abilities of these transgenes to cause ALM death.
Overexpression of ced-3 or ced-4 causes programmed cell death
The experiments described above indicated that overexpression of either ced-3 or ced-4 can lead to an absence of ALM neurons. To determine whether mec-7-expressing neurons were missing because they underwent programmed cell death, we observed directly the cell divi- Figure 1A , presumptive PVM neurons in these lines showed the characteristic refractile appearance of programmed cell deaths viewed using Nomarski optics (17 animals and 12 deaths observed). These deaths were morphologically indistinguishable from normal programmed cell deaths. We also analyzed the ultrastructure of a cell corpse resulting from a PVM cell death. Figure 1 C shows a PVM cell that died and was engulfed by a neighboring cell. The darkly staining cytoplasm and nucleus, the small cytoplasmic volume, and the darkly staining matter within the nucleus are all characteristic features of C. elegans cells that normally die by programmed cell death (Robertson and Thomson 1982; Ellis et al. 1991b) , suggesting that the deaths we observed were ultrastructurally similar to normal programmed cell deaths. 
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Cold mutation fail to engulf many of the corpses that result from programmed cell death, causing these corpses to persist for hours or even days (Hedgecock et al. 1983 ). We observed corpses on 11 out of 40 sides near the BDU cell (the sister cell of the ALM), and we observed corpses in the normal location of the ALM on 2 out of 40 sides, suggesting that the ALMs often, but not always, died before migrating posteriorly. That 27/40 sides scored did not have observable corpses presumably reflects the incomplete penetrance of the ced-l(e1735) mutation (Ellis et al. 1991b ). We obtained similar results using the
Pm~c_7ced-3A transgene in a ced-l(e1735); ced-3(n3002)
background {data not shown). These findings suggest that the gene ced-1, which is required for the engulfment of corpses generated by normal programmed cell death, is also required for the engulfment of the corpses generated by overexpression of ced-3 or ced-4. The gene nuc-1 is required for the degradation of DNA of cells that die by programmed cell death (Sulston 1976; Hevelone and Hartman 1988 Table 4A , 100% of the ALMs survived in ced-9(n2812); ced-3(n717) animals carrying P .... 7ced-3 fusion constructs containing a cysteine-to-alanine substitution at position 358 of the CED-3 protein. This mutation alters a residue that corresponds to a cysteine essential both for the protease activity of ICE (Cerretti et al. 1992; Thomberry et al. 1992) and for the protease activity of CED-3 (Xue and Horvitz 1995; D. Xue, S. Shaham, and H.R. Horvitz, unpubl.) . In contrast, only -50% of ALMs survived in animals containing the wild-type constructs. This result suggests that active CED-3 is needed for ALM cell death and supports the notion that CED-3 is a cysteine protease.
Similarly, 100% of the ALMs survived in ced-4(n1162) ced-9(n2812) animals carrying P .... 7ced-4 fusions containing an isoleucine-to-asparagine substitution at position 258 of the CED-4 protein {Table 4B). This mutation introduces a change identical to that found in the mutant ced-4 allele n1948 (Yuan and Horvitz 1992) . Only -50% of ALMs survived in animals containing the wildtype ced-4 constructs. This result suggests that active CED-4 is needed for ALM killing and confirms that the change observed in n1948 animals is the cause of the Ced-4 mutant phenotype. Thus, killing by overexpression of ced-3 or ced-4 requires transgenes that encode functional CED-3 or CED-4 proteins.
To determine whether the deaths of the ALM neurons were induced specifically by overexpression of the cell death proteins CED-3 and CED-4, we tested constructs that should have overexpressed other proteins (Escherichia coli 13-galactosidase, murine ICE, and C. degar2s NCC-1) under the control of the mec-7 promoter. The presence of these constructs in ced-9; ced-3 or ced-4 ced-9 worms did not cause ALM cell death (data not
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GENES & DEVELOPMENT shown), suggesting that it is not simply excess or foreign protein that killed the ALMs in the experiments described above.
Efficient ectopic killing by overexpression of ced-4 requires ced-3 activity
To examine the requirement for endogenous ced-3 in the killing of ALMs by P ..... 7ced-4 transgenes, we introduced these transgenes into ced-3 mutant strains. Pm~_zced-4A, ALMs survived on 0 of the 30 (0%) sides scored in a ced-4 ced-9 background but survived on 27 of the 38 (71%) sides scored in a ced-4 ced-9; ced-3 background. Interestingly, even though reducing ced-9 function enhanced killing of the ALM neurons with respect to a wild-type background in the presence of a wild-type endogenous ced-3 gene (ced-4 ced-9 column vs. wildtype column), killing was greatly reduced in a strain containing mutations in both ced-9 and ced-3 (ced-4 ced-9; ced-3 column). These results suggest that killing by P .... 7ced-4 is greatly facilitated by the presence of endogenous ced-3 and that the need for ced-3 function cannot be overcome by eliminating the function of ced-9 using a mutation that is likely to have little if any ced-9 function based on both genetic and molecular criteria (Hengartner and Horvitz 1994a; S. Shaham and H.R. Horvitz, unpubl.) . To determine if the protection against ALM killing by P ..... 7ced-4 constructs observed in these experiments was specific to the ced-3 allele (n 717) used, we examined the abilities of other ced-3 alleles to inhibit killing by ced-4 overexpression. As shown in Table 6 , all five other ced-3 alleles tested also inhibited killing. Furthermore, the ability of a ced-3 mutation to cause survival of cells that normally die correlated roughly with its ability to prevent killing of ALM neurons by P .... 7ced-4A. Animals carrying the ced-3 allele n1040, for example, contained an average of 7.6 extra cells in the anterior pharynx; these cells would normally have died in wild-type animals. ALMs survived on 35 of the 64 (55%) sides scored in line P ..... 7ced-4A containing the n1040 mutation. However, animals harboring the ced-3 allele n2433 contained an average of 12.4 extra cells in the anterior pharynx, and ALMs survived on 33 of the 41 (80%) sides scored in line P .... 7ced-4A containing this mutation. Although n2433 is the most severe ced-3 allele known (S. Shaham and H.R. Horvitz, unpubl.; M. Hengartner, pers. comm.) , neither n2433 nor any other ced-3 allele characterized to date is unequivocally a null allele based upon molecular and genetic criteria ; S. The column headings identify the chromosomal genotypes of the strains examined. The alleles used were ced-9(n2812), ced-3(n7I 7), and ced-4(n1162).
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Cold When we compared the extent of ALM survival in pm~c.zced-3-containing lines in a ced-9; ced-3 background with survival in a ced-4 ced-9; ced-3 background, we noticed that the latter background caused reduced killing. As shown in Table 7 , fewer ALMs survived in the ced-9; ced-3 background than in the ced-4 ced-9; ced-3 background in all P .... 7ced-3-containing lines. In line P .... zced-3B, for example, ALMs survived on 0 of the 37 (0%) sides scored in a ced-9; ced-3 background but on 12 of the 32 (37%) sides scored in a ced-4 ced-9; ced-3 background. This result suggests that in the absence of endogenous ced-9, ced-4 promotes killing caused by ced-3 overexpression (see Discussion).
Protection by ced-9 against ced-3-induced killing is reduced by a mutation that decreases ced-4 activity As described above, endogenous ced-9 function inhibited killing by overexpression of ced-3 and ced-4. Specifically, ALM survival in Pmec_7ced-3 and Pmec_zced-4 lines was greater in ced-9( + ) strains than in strains containing a ced-9 loss-of-function mutation (Table 2A) . Does ced-9 act to inhibit ced-3 function, ced-4 function, or both? To address this issue, we examined whether ced-9 requires ced-4 function to inhibit killing by ced-3 overexpression. The column headings identify the chromosomal genotypes of the strains examined. The alleles used were ced-9(n2812), ced-3(n 717), and ced-4(n1162), except for the line containing the transgene P .... zced-3A, in which the the ced-3 allele n3002 was used. 
zced-3-containing ced-4( + ) lines, ALMs survive better if ced-9(+) function is present, ALMs in P .... zced-3--containing ced-4(-)
lines survive to similar extents in ced-9(+) and ced-9 mutant backgrounds. For example, in line Pmec_Tced-3B, ALMs survived on 5 of the 29 (17%) sides scored in a ced-4; ced-3 background and on 12 of the 32 (37%) sides scored in a ced-4 ced-9; ced-3 background; that is, ced-9 function did not protect against killing by ced-3-overexpression in the absence of ced-4 function. These results suggest that endogenous ced-9 inhibits ced-3 activity in ced-3-overexpression strains by acting at least in part via ced-4. A similar analysis using Pmec-Z ced-4 transgenes is presented in Table 8B . However, because killing by a Pm~-7ced-4 transgene in a ced-3(-) background was inefficient, we cannot assess whether ced-3 might be required for protection from ced-4 killing by ced-9.
Overexpression of ced-9 can protect cells killed by overexpression of ced-4
Because endogenous ced-9 could protect against cell death induced by ced-4 overexpression, we tested whether overexpression of ced-9 in mec-7-expressing cells would prevent the ectopic cell deaths caused by overexpression of ced-4 in these cells. We examined the effect of a Pmec_zced-9 fusion (carried as an extrachromosomal array) on survival of ALMs in line Pmec_7ced-4D in a ced-4 ced-9 background. We found that in lines transgenic for both Pm~_zced-4 and P .... 7ced-9, more ALMs survived than in the absence of P .... zced-9 or in the presence of a Pm~r construct containing a frameshift mutation in the ced-9 gene (see Table 9 ; Material and methods). These results suggest that overexpression of ced-9 is sufficient to protect mec-7-expressing cells from killing by ced-4 overexpression and demonstrate that ced-9 acts in a cell autonomous fashion to inhibit programmed cell death. We were not able to protect against killing by overexpression of Pm~_7ced-3A with a P .... 7ced-9 transgene to an extent greater than the protection conferred by the presence of endogenous ced-9 (data not shown).
Overexpression of either ced-3 or ced-4 can kill DD neurons
To see whether overexpression of ced-3 or ced-4 could kill cells other than mec-7-expressing cells, we fused a ced-3 or ced-4 cDNA to the promoter for the unc-30 gene, which is expressed in the VD and DD neurons as well as in a few other cells (Jin et al. 1994; Y. Jin, pets. comm.) , and obtained lines containing integrated copies of either Punc_3oced-3 or P .... 3oced-4. As Table 10 shows, we observed that Punc_3oced-3 and Punc.3oced-4 transgenes could kill DD neurons in ced-9; ced-3 and ced-4 ced-9 backgrounds, respectively.
We obtained one line containing integrated copies of both P .... 3oced-3 and Pu~c_3oced-4 (Punc.3oced-3/4A). We observed DDs missing in this line as well in both ced-9; ced-3 and ced-4 ced-9 backgrounds (data not shown). To confirm that these cells were missing because they were dying by programmed cell death, we observed the pattern of cell divisions leading to the formation of 8 of the 13 VD neurons in the ventral cord of a transgenic animal carrying both unc-30 fusion constructs. Figure 1B shows that two of these cells underwent a process morphologically similar to normal programmed cell death.
Table 10 also shows that an endogenous ced-4 mutation inhibited killing by P~.3oced-3 transgenes in ced-9(-) animals and that an endogenous ced-3 mutation inhibited killing by P .... 3oced-4 transgenes in ced-9(-) animals. These results parallel our findings with the
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mec-7 promoter fusion constructs in a ced-9(-) background.
Unlike the mec-7 promoter fusion constructs, none of our unc-30 promoter fusion constructs showed extensive killing of DD neurons in a ced-9(+) background, making it impossible to assess if ced-3 can bypass the requirement for ced-4 in a ced-9(+) animal or if ced-4 can bypass the requirement for ced-3 in a ced-9{ +) animal. That ced-3 and ced-4 transgenes failed to kill DD neurons in ced-9( + } animals might be a consequence of insufficient expression from the unc-30 promoter (we never observed complete killing of DD neurons even in a ced-9 mutant background). Alternatively, this difference might reflect a difference between unc-30-and mec-7-expressing cells.
Discussion
To study the roles of ced-3, ced-4, and ced-9 in programmed cell death in C. elegans, we developed a method for assaying the effects of overexpressing these cell-death genes as transgenes in ceils that are mutationally defective in specific endogenous cell-death activities. Specifically, we expressed cell-death genes as transgenes under the control of two cell type-specific promoters, the Pm~c-z promoter, which causes gene expression within a set of mechanosensory neurons, including the ALMs (Savage et al. 1989) , and the P~nc-3o promoter, which causes gene expression in a different set of neurons, including the DDs (Jin et al. 1994} . Expression of ced-3 or ced-4 killed both ALMs and DDs, suggesting that if overexpressed either gene is sufficient to activate the cell-death program in cells that normally live.
The system we have developed for assessing the effects on cell death and cell survival of specific transgenes
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GENES & DEVELOPMENT could be used for the analysis of any newly discovered C. elegans cell-death genes. Furthermore, because the mechanisms of programmed cell death seem likely to be conserved among organisms as diverse as nematodes, insects, and mammals (e.g., Horvitz et al. 1994) , this system also should be useful for the analysis of cell-death genes from other organisms, such as those that encode the human Bcl-2 protein and the baculovirus p35 protein, both of which have been shown to inhibit programmed cell death in C. elegans (Vaux et al. 1992; Hengartner and Horvitz 1994a; Sugimoto et al. 1994; Xue and Horvitz 1995) .
We suggest that expression of ced-3 and ced-4 under the control of other promoters could provide a useful method for specific cell ablation. Such a method would complement that of laser microsurgery (e.g., Sulston and White 1980; Avery and Horvitz 1987; Bargmann et al. 1993) , which has been used extensively to define cell functions and reveal cell interactions in C. elegans. Whereas laser microsurgery can be used to kill any cell, relatively few cells and animals can be readily analyzed using this approach. The use of ced-3 or ced-4 transgenes for cell killing would allow many cells at many times of development to be killed and could generate sufficient numbers of animals lacking specific cells for biochemical studies or mutant hunts. A very strong promoter might allow such killing experiments to be performed using a wild-type genetic background. However, in general, an absence of ced-9 function most likely would greatly facilitate killing, which leads us to suggest that most such experiments should be attempted using either a ced-9; ced-3 or a ced-4 ced-9 background.
Killing by overexpression of ced-3 or ced-4 is similar to normal programmed cell death
The ectopic cell deaths we observed in lines carrying either Pm~c-7 or P .... 3o fusion constructs to ced-3 or ced-4 were similar to programmed cell deaths by a number of criteria. First, ectopically dying cells had the same characteristic refractile appearance when viewed with Nomarski optics as normal programmed cell deaths. Second, the characteristic ultrastructural features of programmed cell death--darkly staining cytoplasm, reduced cytoplasmic volume, and darkly staining nuclear matter--were present in the ectopically dying cells. Third, mutations in a gene required for the engulfment of corpses resulting from normal programmed cell deaths prevented the engulfment of corpses from ectopic cell deaths, suggesting that the ectopic cell deaths resembled normal cell deaths. Fourth, a mutation that prevents the degradation of the DNA of cells that normally die prevented also the degradation of the DNA of ALM cells killed ectopically. Fifth, the extent of killing by ced-3 or ced-4 overexpression was influenced by endogenous mutations in genes known to affect normal programmed cell deaths (ced-3, ced-4, and ced-9) , strongly suggesting that the molecular components responsible for the ectopic cell deaths correspond to those involved in normal programmed cell deaths.
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Opposing cell-death activities in worm neurons Each row indicates an independently derived transgenic line containing a given integrated transgene. Column headings identify the chromosomal genotypes of the strains examined. Fractions indicate the number of DD neurons scored and the number of expected DDs. The alleles used were ced-9(n2812), ced-3(nT17) , and ced-4(n1162).
ced-3, ted-4, and ced-9 act cell autonomously
All of the ectopic deaths we observed were of cells known to express the promoter we used. No surrounding cells were ever observed to die. These results suggest strongly that killing by overexpression of either ced-3 or ced-4 is cell autonomous. Previously, genetic mosaic analyses demonstrated that wild-type copies of ced-3 and ced-4 were required in lineages generating cells that normally died to cause the deaths of those cells (Yuan and Horvitz 1990) . These experiments, however, did not offer a cellular resolution capable of limiting the requirement for these genes to the dying cell itself. Our results demonstrate that ced-3 and ced-4 can act cell autonomously to cause cell death, strongly supporting the hypothesis that ced-3 and ced-4 normally do so. In addition, we have found that ced-9 can act cell autonomously to prevent cell death, because overexpression of ced-9 in mec-7-expressing cells rescued killing by overexpression of ced-4 in the same cells.
The genetic pathway for programmed cell death in C. elegans
Killing by overexpression of ced-3 did not require endogenous ced-4 function, whereas killing by overexpression of ced-4 was at least in part dependent on endogenous ced-3 function. These results suggest either that ced-4 acts upstream of ced-3 and ced-4 function can be bypassed by high levels of ced-3 activity or that ced-3 and ced-4 act in parallel, with ced-3 perhaps having a greater ability to kill ( Fig. 2A) . Our finding that ced-4 appears to facilitate the inhibition of ced-3 by ced-9 suggests that ced-9 acts to negatively regulate ced-4; our data do not indicate whether ced-9 also acts to negatively regulate ced-3 (Fig. 2B) . It is conceivable that this proposed pathway applies to cells that die in our overexpression system but not to cells that normally die. Interestingly, in the absence but not in the presence of ced-9 function, ALM killing by overexpression of ced-3 is potentiated by the presence of a functional ced-4 gene. Why might ced-4 function matter only if ced-9 is inactive? One possible explanation based on the hypothesis that ced-9 acts upstream of ced-4 is that the ALMs are cells that normally live and, as such, presumably have active ced-9 function. This ced-9 activity might inhibit any endogenous ced-4 function, so that the presence or absence of a ced-4(+) allele would be irrelevant. However, if ced-9 were inactivated by mutation, ced-4 might become functional in the ALMs, thus potentiating killing by a ced-3 transgene.
The behavior of ced-4 in our experiments suggests a similarity between the action of the CED-4 protein and the action of Bcl-2-related proteins that induce apoptosis, such as Bax (Oltvai et al. 1993) , Bak (Chittenden et al. 1995; Farrow et al. 1995; Kiefer et al. 1995) , and Bad (Yang et al. 1995) . Overexpression of Bax, for example, results in cell death, just as does overexpression of ced-4, and overexpression of bcl-2 blocks this death (Oltvai et al. 1993 )just as overexpression of ced-9 blocks death caused by overexpression of ced-4. Similar interactions exist with Bak (Kiefer et al. 1995) and Bad (Yang et al. 1995) . Although CED-4 and the Bcl-2 family do not have obvious sequence similarity, these proteins might similarly mediate signaling between a negative regulator of cell death (e.g., CED-9/Bcl-2) and a cysteine-protease activator of cell death (e.g., CED-3/ICE-like protease). Alternatively, because both ced-9 and ced-3 have mammalian counterparts that are involved in programmed cell death, it is possible that a protein similar in both structure and function to CED-4 exists in mammals.
ced-3, ced-4, and ced-9 might all normally be expressed in surviving cells
As discussed above, we found that ALM killing by a ced-4 transgene was greatly reduced and possibly eliminated in animals that lack ced-3 function, suggesting that ced-4-induced killing requires ced-3 activity (see Tables 5 and 61 . Because ced-3 acts cell autonomously, this finding suggests that wild-type ALMs have ced-3 function. Similarly, ALM killing by either a ced-3 or a ced-4 transgene was greater in animals that lacked ced-9 function than in ced-9(+) animals (see Tables 2A, B) , and ced-9 can act cell autonomously. These findings suggest that wild-type ALMs have ced-9 function. Finally, protection by ced-9 against ALM killing by a ced-3 transgene might be mediated by ced-4 function (see Table 8A ), and ced-3-induced ALM killing was reduced in animals lacking ced-4 function in the absence of ced-9 activity (see Table 8A ). Because ced-4 also acts cell autono-mously, these findings suggest that wild-type ALMs might have ced-4 function. In short, our observations are consistent with the hypothesis that surviving ALMs contain not only the protective function of ced-9 but also the killing functions of ced-3 and ced-4. Similar conclusions can be drawn for the DD neurons.
Presumably, the killing functions of ced-3 and ced-4 are inhibited in the ALMs and DDs directly or indirectly by the protective function of ced-9. Because overexpression of either ced-3 or ced-4 in the ALMs can overcome the protective function of ced-9 (see Table 1 }, we propose that in these neurons, and perhaps more generally in all C. elegans cells, there is an antagonism between functions that activate (e.g., ced-3 and ced-4) and functions that inhibit {e.g., ced-9) programmed cell death. Because ced-3, ced-4, and ced-9 do not seem to affect each other's transcription (S. Shaham and H.R. Horvitz, unpubl.; M. Hengartner, pets. comm.; Yuan and Horvitz 1992; Yuan et al. 1993) , it is likely that this antagonism is not at the transcriptional level but rather involves the activities of the proteins encoded by these genes. Cells might initiate programmed cell death either by reducing a protective activity or by increasing a killing activity. Interestingly, not all of our overexpression lines could overcome the protective effects of ced-9 (see Table 1 ). This observation suggests that the dosage of the ced-3 or the ced-4 product in these lines was insufficient to overcome ced-9 protection. Supporting this notion is our observation that lines heterozygous rather than homozygous for the insertions Pmec_zced'3B, Pm~c.Tced-3A, and Pme~_Tced-4A showed little ALM death (S. Shaham and H.R. Horvitz, unpubl.) . For example, ALMs survived on 23 of the 25 (92%) sides scored in animals heterozygous for the Pm~.Tced-4A transgene in a wild-type background as opposed to 4 of the 39 (10%) sides in Pme~_zced'4A homozygotes, indicating that gene dosage is important for killing by either ced-3 or ced-4.
Our hypothesis that surviving cells in C. elegans might contain antagonistic protective and killing celldeath functions is consistent with a number of findings from studies of programmed cell death in other organisms. For example, in many cases cells can be induced to undergo programmed cell death in the absence of macromolecular synthesis (for review, see Vaux and Weissman 1993) , suggesting that the protein components needed for cell death are present in living cells. Similarly, many and perhaps all mammalian cells are protected by exogenous growth factors from dying by programmed cell death, which has led Raff {1992) to propose that all cells contain cell-death killing factors. Our findings provide direct evidence that at least some living cells are indeed poised for death in this way.
Materials and methods
General methods and strains
We cultured C. elegans as described by Brenner (1974) . All strains were grown at 20~ The wild-type strain used was C. elegans variety Bristol strain N2. Genetic nomenclature follows the standard C. elegans system (Horvitz et al. 1979) . The mutations used have been described by Ellis and Horvitz {1986), Hedgecock et al. (1983) , Hengartner et al. (1992) , and Sulston {1976) or were isolated by us. These mutations are as follows:
LG I: ced-l(e1735); LG III: ced-4(nl162), ced-9(n2812, n1950, n1950 n2161), unc-69(e587); LG IV: ced-3(n717, n718, n1040, ni129, n2433, n3002); LG X: nuc-l(e1392), lin-15(n765) 
. zced-9:
The ced-9 cDNA insert of plasmid B30 (Hengarther and Horvitz 1994b) was amplified using the polymerase chain reaction and cloned into the vector pPD52.102 using its NheI and EcoRV sites. P .... zced-9(lf): Plasmid P .... zced-9 was digested with BamHI, the overhangs were filled with Klenow enzyme and religated to create a frameshift mutation (Hengartnet and Horvitz 1994b). Plasmid pS172 was made as follows: We replaced the sequence TG at the codon encoding cysteine 358 of CED-3 with the sequence GC using an oligonucleotide-mediated site-directed mutagenesis kit and following the instructions of the manufacturer {Amersham, Arlington Heights, IL}. An oligonucleotide that encodes the peptide QAARG (5'-C GTTTTTGTGCAGGCTGCTCGAGGCGAACGTCGT-3') was used to introduce the mutation, and plasmid pS126 was used as the template. The sequence of the entire mutated plasmid was determined to confirm that only the desired mutation was introduced. The resulting plasmid was then digested with the enzymes SpeI and Sinai and ligated to the plasmid pPD52.102 as described above to generate plasmid pS 172. Plasmid pS178 {which contains a T-to-A substitution at the codon encoding isoleucine 258 of CED-4) was made as above except that an oligonucleotide encoding the peptide TNRWA (5'-GC-TCCTGAGCCCAACGATTTGTTTCTTCTTGAACT-3' ) was used to introduce the mutation, and plasmid pS 125 was used as the template.
Germ-line transformation and integration of extrachromosomal arrays
Our procedure for microinjection and germ-line transformation followed that of Fire (1986) and Mello et al. (1991}. DNA for injections was purified using a Qiagen system and following the instructions of the manufacturer (Qiagen Inc., Chatsworth, CA). The concentrations of all plasmids used for injections were
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GENES & DEVELOPMENT Approximately 30 animals were injected in each experiment, and 50-100 F1 Rol animals were picked onto separate plates. F1 animals segregating Rol progeny were established as lines containing extrachromosomal arrays (Way and Chalfie 1988) . To assay the activity of P .... 7ced-9 and P .... zced-9(lf), we injected animals of genotype ced-4(nl162) ced-9(n2812); hiS45; lin-15(n765) with each plasmid and with a plasmid containing the wild-type lin-15 gene (Clark et al. 1994; X. Lu, pers. comm.) .
Approximately 40 F 1 non-Lin-15 animals were obtained in each experiment, and lines transmitting the non-Lin-15 phenotype were established.
To obtain lines containing integrated copies of the Pmec_zced-3, constructs, we exposed a plate of worms containing a given construct as an extrachromosomal array to ~ rays or X rays at a dose of 4500 fads. Thirty to 50 fourth larval stage animals (L4s) were picked from the plate onto a separate plate and allowed to generate self progeny. F1 Rol progeny of the mutagenized animals were picked onto individual plates and allowed to generate self progeny. Six to eight Rol F2 animals were picked from each F1 plate and allowed to generate self progeny. F2 plates containing 100% Rol animals were maintained as integrated lines. The integration event was confirmed by a cross with wild-type animals. Putative heterozygote animals from these crosses were allowed to generate self progeny and were shown to segregate homozygous Rol animals at a frequency of approximately one in three animals picked. These results also showed that all our integrated lines had a dominant Rol phenotype. All integrated strains we obtained were backcrossed at least twice either to N2 or to another strain when appropriate. Overall, we screened -30,000 F2 animals to obtain three independent P .... 7ced-3 integrants, 30,000 F2 animals to obtain four independent P .... zced-4 integrants, 10,000 F2 animals to obtain two independent Pu~c_3oced-3 integrants, 10,000 F2 animals to obtain two independent Punc.3oced-4 integrants, 5000 F2 animals to obtain two independent integrants containing both the Pmec_zced-3 and Pm~_zced-4 constructs, and 1000 F2 animals to obtain one integrant containing both P~mc_3oced-3 and P .... 3oced-4 constructs. None of the integrated lines used in our experiments exhibited any obvious abnormality besides the Rol, Mec, or Unc-30 phenotypes.
Assays for ALM and DD cell death
ALM cell death was assayed by scoring transgenic animals for the presence of ALM nuclei as follows: approximately 40 early L1 animals were mounted onto a drop of 50 mM NaN 3 in M9 buffer (Sulston and Hodgkin 1988) on a slide containing a pad of 5% agar in water and were covered with a coverslip. Animals were then observed using Nomarski optics (Sulston and Horvitz 1977) . The Rol phenotype conferred by the pRF4 plasmid is not expressed in L1 larvae, which thus are easier to score for the presence or absence of the ALMs. The left side of animals was scored for the presence of an ALML nucleus, and the right side of the animals was scored for the presence of the ALMR nucleus. After scoring L1 s for the presence or absence of ALMs, we allowed them to mature; only Rol animals or animals segregating Rol progeny were included in our data.
DD cell death was assayed as follows; Young L1 animals (at a stage prior to the migration of the P-cell nuclei) from an integrated line were scored using Nomarski optics for the presence of 15 neuronal nuclei located between the retrovesicular ganglion and the pre-anal ganglion. Four of these 15 nuclei are DD nuclei (Sulston and Horvitz 1977) , some of which were missing in strains containing P~c.3oced-3 or Punc.3oced-4 constructs.
We also directly observed the deaths of PVM neurons in ced-9(n2812); ced-3(n717) P .... zced-3/4A and in ced-4(nl 162) ced-9(n2812) ; P .... 7ced-4A animals by following the QL cell lineage (Sulston and Horvitz 1977) in living larvae (n = 12). Occasionally, we also saw the sister of the PVM neuron, SDQL, undergo programmed cell death. The mec-7 promoter is known to be expressed weakly in this cell (M. Chalfie, pets. comm.), supporting our hypothesis that the level of overexpression of ced-3 or ced-4 is important for the penetrance of cell killing. We also observed directly the deaths of the VD neurons in one ced-9(n2812); ced-3(n717); P~m~_3oced-3/4A animal by following the P5-P12 cell lineages in that animal. The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
